The relation between seafloor fault ruptures and the generation of turbidity currents was investigated to better understand the structural growth of tectonic basins with direct implications for earthquake hazard assessment. This study focuses on the Holocene earthquake record of transtensional basins in the Marmara Sea, Turkey, that are associated with the North Anatolian Fault system. The physical and chemical composition of three 10 m-long cores recovered from the Central Basin was studied at high-resolution and turbidite-homogenite units were identified. Turbidite-homogenite units (T-H units) are complex deposits that consist of a sharp basal contact and multiple fining upward beds of sand to coarse silt, above. All are capped by a 25 cm to 75 cm thick layer of medium to fine silt. A chronology developed from radiocarbon and short-lived radioisotopes allowed the correlation of these T-H units to the historical record of earthquakes that in Turkey goes back 2000 years. We found that the best location to recover the most complete sedimentation record is in the deepest part of a basin or "depocenter" where T-H units constitute~80% of the sediments. A very good correlation was established between T-H units in Central Basin and proximal inferred historic epicentres along the central Marmara segment of the North Anatolia Fault that occurred in 1343, 860, 740, and 557 AD, and two more distal earthquakes that occurred in 268 and 1963 (or possibly1964). These sedimentation events can then be referred to as "seismo-turbidites". The results when compared to findings from other transform basins in Marmara Sea reveal a very good correlation between T-H units and historic ruptures. Most importantly, there is a strong correlation between the inferred locations of historical earthquakes and the preservation of turbidite-homogenite units in the basin adjacent to the inferred rupture. The 740 AD earthquake correlates with T-H units in Izmit Gulf and Central Basin and could represent a multi-segment rupture of the NAF. Generally, T-H units appear to be clustered through the Holocene sections, suggesting temporal earthquake clustering in the Marmara Sea region. Such clustering may account for the lack of T-H units and hence large ruptures through the Central Basin since 1343.
Introduction
The link between earthquakes and the generation of mass-wasting and turbidity currents resulting in the deposition of "seismo-turbidites" has been studied in diverse submarine tectonic settings in recent years to better understand the risk of earthquakes, and tsunamis to coastal populations. Most studies focus on convergent plate boundaries, such as Cascadia offshore western North America (Goldfinger et al., 2003 (Goldfinger et al., , 2007 Goldfinger, 2011) , Galicia, offshore Galicia and Portugal (Gracia et al., 2010; Masson et al., 2011; Bartolome et al., 2012) , Kuril trough offshore Japan (Nakajima and Kanai, 2000; Noda et al., 2008) , Chile trench offshore Chile (St-Onge et al., 2012) , and Hikurangi trench offshore New Zealand (Pouderoux et al., 2012) . In contrast to these convergent margin settings, nearshore continental transform boundaries are associated with comparatively smaller but more frequent shallower earthquakes. Because they cross heavily populated regions, earthquakes can be Marine Geology 353 (2014) [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] disproportionally damaging, primarily not only due to shaking (e.g., liquefaction, land-slides), but also due to ground deformation. Even smalllocalized tsunamis have been associated to strike-slip earthquakes due to dip-slip motions along faults that generated failures and mass wasting (Hornbach et al., 2010; Altinok et al., 2011) . Sediments in transform basins preserve unique information about earthquake-triggered sedimentation. These sediments have been studied in the EnriquilloPlantain Garden sinistral transform fault offshore Haiti (McHugh et al., 2011a) , the North Anatolia Fault beneath Marmara Sea Sari and Çağatay, 2006; Beck et al., 2007; Çağatay et al., 2012; Drab et al., 2012; Eris et al., 2012) , the El Pilar fault in Cariaco Basin, Venezuela (Thunell et al., 1999; Lorenzoni et al., 2012) , and the Alpine strike slip fault in New Zealand (e.g., Barnes, 2009) . Land paleoseismic studies of the Dead Sea transform have contributed much to the understanding of these transform fault systems by characterizing large and fine scale structures and producing a record of paleoearthquakes (e.g., Marco and Agnon, 1995; Ken-Tor et al., 2001; Migowski et al., 2004) . Within the past ten years, much progress has been made in the field of submarine paleoseismology, understanding processes linking submarine earthquakes with sedimentation events and developing techniques for addressing earthquake recurrence intervals and segmentation of fault systems.
What earthquake effects cause sedimentation events? Ground shaking and/or permanent sea-floor deformation such as steepening of slopes? How strong do these effects need to be? These fundamental questions have important practical corollaries: Could a seismoturbidite in a transform basin be triggered by a distal earthquake several segments away from that basin, or alternatively, is it indicative of a proximal seafloor rupture across that same basin? If the latter is generally the case, earthquake-triggered deposits have the potential of identifying the segment of the transform boundary that ruptured and whether the rupture reached the sea floor. Previous investigations of the Cascadia convergent plate boundary have identified fault segments based on the provenance of the turbidites (Goldfinger et al., 2003 (Goldfinger et al., , 2007 Goldfinger, 2011) . In the Hikurangi subduction margin offshore New Zealand, synchronous turbidites were linked to a specific source based on an onland paleoearthquake record, and used to determine earthquake recurrence intervals (Pouderoux et al., 2012) . Prior investigations of the North Anatolia Fault dextral transform boundary beneath the Marmara Sea showed that turbidites in three of the main sub-basins were generally deposited adjacent to the fault segment that ruptured . A more complex relation between earthquakes and turbidites was found in the well-documented 2010 Mw 7 Haiti earthquake that was associated to the sinistral Enriquillo-PlantainGarden transform boundary (McHugh et al., 2011a (McHugh et al., , 2011b . Factors such as low sediment supply in the Haiti carbonate margin and a complex earthquake rupture with strike-slip and thrust components may have played a role in the generation of mass-wasting and turbidity currents in this margin where a one-to-one correlation between sedimentation and earthquakes was not found (McHugh et al., 2011b; Taylor et al., 2011) . Here we further explore the relation between sea floor fault ruptures and the generation of turbidity currents to better characterize fault segmentation and seismic hazards. Submarine paleoseismology techniques are applied to study three~10 m-long cores recovered from Central Basin and using multibeam bathymetry and chirp highresolution sub-bottom profiles. Central Basin is one of the main basins in Marmara Sea associated with the North Anatolian Fault system. The results from Central Basin are then compared to findings from other basins in Marmara Sea and from transform basins in other tectonic settings.
The main objectives are to: 1) Investigate if all segment-rupturing earthquakes generate submarine sediment failures and sedimentation events, and if there is a one-to-one correlation between earthquakes and turbidites. 2) Link each event in the sedimentation record to specific earthquake ruptures, determining earthquake recurrence intervals. 3) Extend the record of earthquake-generated sedimentation to the early Holocene. The threshold for historical earthquakes considered in this study is magnitude Ms ≥ 6.8, as assigned by Ambraseys (2002a) . Most studies to date have concentrated on the late Holocene within the span of historic earthquakes. A longer earthquake record will contribute to a better understanding of earthquake ruptures along continental transform boundaries in general. But in particular, these results could be critical for geohazards assessment of heavily populated coastal regions such as the Marmara Sea that include the city of Istanbul.
Background
The North Anatolian Fault (NAF) extends east west for 1600 km across Turkey and is one of the world's major continental transforms (Fig. 1) . The NAF accommodates right-lateral motion between Eurasia and the Anatolia plate. GPS measurements show a relative motion of 23-25 mm/yr (Straub et al., 1997; McClusky et al., 2000; Reilinger et al., 2010) . The Marmara Sea is a transtensional trough spatially and genetically associated with the northern branch of the NAF (NAF-N; Fig. 1 ). The Marmara Sea is subdivided into subsiding Plio-Pleistocene basins that are as deep as 1200 m and separated by ridges 550 m deep (Rangin et al., 2001) . From west to east the main basins are Tekirdag, Central, Kumburgaz, Cinarcik, and Izmit Gulf (Fig. 1) . The 1912 Mw 7.4 Ganos earthquake ruptured the NAF-N on land (Rockwell et al., 2001 (Rockwell et al., , 2009 Ambraseys, 2002a; Altunel et al., 2004; Aksoy et al, 2010; Meghraoui et al., 2012) . Armijo et al. (2005) proposed that the 1912 rupture extended for~140 km from the Gulf of Saros, ending in the Central Basin step-over in Marmara Sea (Fig. 1) . East of Marmara Sea, the NAF ruptured in a sequence of seven Ms N 7 earthquakes progressively from east to west, starting in 1939 (Toksöz et al., 1979; Barka and Kadinsky-Cade, 1988; Barka, 1999; Toksöz et al., 1999) . The latest and westernmost events, the 1999 Mw 7.4 Izmit and the Mw 7.2 Duzce earthquakes, were destructive (~17,000 deaths). The Marmara segment of the NAF is the only remaining unruptured seismic gap (Ambraseys, 2002a) and has accumulated as much elastic strain as released in the 1999 sequence (Hubert-Ferrari et al., 2000; Parsons et al., 2000; Reilinger et al., 2000) . To the east of Marmara Sea, it has also been proposed that the 1999 seafloor rupture extended for 80 km into Marmara Sea (Aksoy et al., 2010; Gasperini et al, 2011; Uçarkus et al., 2011) . Other studies are more conservative in their estimates of the length of the 1999 seafloor ruptures into Izmit Gulf. Cormier et al. (2006) proposed that while the aftershock distribution and geodetic data indicate that the subsurface rupture extended 50 km into Marmara Sea, direct evidence is lacking for any seafloor rupture extending beyond 25 km west of Izmit. The extent of both the 1912 and 1999 seafloor ruptures has implications for understanding and modelling seismic risk for the segment of the NAF that presumably remains locked under Marmara Sea. It is therefore critical to provide as much geological information on historic and pre-historic ruptures as possible.
Submarine paleoseismology prior results
The Marmara Sea basins are excellent for submarine paleoseismology studies because they are closed basins that have preserved turbidites in their deepest part (Fig. 1) . Structurally, the progressive tilting in some of the basin floors towards the fault has preserved thick turbidite deposits in the basins deepest part or "depocenters" (Fig. 2 ; Cormier et al., 2006; Seeber et al., 2006; Kurt et al., 2013) . Coring in these depocenters has allowed the recovery of a record of turbidites that have been dated effectively Çağatay et al., 2012) . Most importantly, these T-Hs were linked to a historic record of earthquakes that goes back 2000 years (Ambraseys and Finkel, 1995; Ambraseys and Jackson, 2000; Ambraseys, 2002a) . Additionally, a very thick homogenite (~2 m) was dated at 14.6 cal ka BP in Central Basin (Beck et al., 2007) , and based on geochemical elemental composition correlations were made of earthquake-triggered turbidites across basins . Other studies focused in extracting the earthquake induced sedimentation record from Cinarcik Basin (Sari and Çağatay, 2006; Eris et al., 2012) .
Lithologically, the turbidite-homogenite units consist of a sharp basal contact below multiple fining-upward beds of sand to coarse silt. This relatively thin and finely stratified basal deposit leads upward into an~50 to 100-cm thick, homogeneous medium-to fine-silt unit (e.g., Çağatay et al., 2012; McHugh et al., 2006) . Several fining upward sequences indicate multiple episodes of traction and deposition within the initial stage of what is interpreted as one deposition event. This stratigraphy suggests secondary processes such as earthquakes that rupture through a basin triggering multiple slope failures and turbidites, and/or long wave, seiche-like currents (McHugh et al., 2011a) . Both such processes will lead to turbidites interfering with each other and are likely in the close-contour shape of the basins in the Marmara Sea.
Methods
Three~10 m long cores were recovered during the MarNaut Expedition to Marmara Sea from the R/V L' Atalante (Géli et al., 2008) and sampled every 2 cm to 5 cm apart. Cores KS13, 18 and 12 were recovered from the deepest part of Central Basin at~1260 m (Fig. 2) . The Central Basin lithologic data was enhanced by high-resolution multibeam bathymetry, side-scan sonar, sub-bottom profiles (CHIRP) and a large collection of gravity and piston cores obtained during previous surveys (e.g., Rangin et al., 2001; Armijo et al., 2002 Armijo et al., , 2005 Beck et al., 2007) . The cores were described and photographed according to the Integrated Ocean Drilling Program guidelines for lithostratigraphy (Expedition 317 Scientists, 2011) . The sediments were studied by applying a multiproxy approach to identify the turbidite-homogenite units that consisted of grain size variability, geochemical elemental composition and physical properties. The grain size variability was determined at 2 and 5 cm spacing intervals by using a Sedigraph 5100 at Queens College, City University of New York. The values obtained were converted to grain size percentages based on the sample weight calculations. The cores were scanned with the ITRAX Core scanner at Istanbul Technical University Eastern Mediterranean Centre for Oceanography and Limnology "(EMCOL) Core Analysis" Laboratory of Dr. Namik Çağatay. The sediments' elemental composition was measured with X-ray fluorescence at 1 mm intervals. The elemental analysis signal for KS12 is discontinuous below 300 cm (not good data). All other cores have good data. The physical properties (bulk density, magnetic susceptibility, p wave velocity) of the sediment were measured on split cores with the MSCL core logger at the ITU-EMCOL facility also at 1 mm intervals. The sediment analyses were better for understanding the stratigraphy than the X-ray imagery obtained from the core scanner, and therefore the X-ray images were not used.
A chronology was established from 14 C derived from foraminifera ( Pb). Radiocarbon dating was conducted at the National Ocean Sciences Accelerator Mass Spectrometry Facility at Woods Hole, MA, USA. The ages were calibrated to calendar years using the program CALIB 6.0 and are shown as 1 and 2 sigma values (Stuvier et al, 2005 ; Table 1 ). The radiocarbon reservoir corrections applied used a weighted mean of 81ΔR with a standard deviation (square root of variance) of 14, and an average uncertainty of 28, calibrated from samples studied by Siani et al. (2000) . Gamma counting for short-lived radioisotopes was conducted at Rensselaer Polytechnic University at the laboratory of Dr. Richard Bopp. The 137 Cs chronologies reveal both the 1986 Chernobyl release peak and the 1965 nuclear testing global fall-out (Buesseler et al., 1987; Crusius, 1992; Eremeev et al., 1995; Stanev et al., 1995; Appleby, 2000) . The decay of excess
210
Pb was used to date sediments from 1850 to the present.
Results
The sedimentation history from cores KS13, 18 and 12 was used to identify turbidite-homogenite units (T-H units) Ganos earthquake to the west of Marmara Sea, respectively. The Marmara Sea is considered a seismic gap. The black and green circles mark the locations of cores from this study. The black and red circles mark the location of cores from other studies mentioned on the text. The offshore faults from Sorlien et al. (2012) ; onshore from Emre et al. (2013) ; Izmit Gulf from Cormier et al. (2006) ; the Gemlik Bay faults were simplified from Gasperini et al. (2011) and Kuscu et al. (2009). radioisotopes and radiocarbon (Figs. 5B, 6) . The data was then interpreted within the context of the multibeam bathymetry and chirp sub-bottom profiles.
Lithology
The lithology of the deep basin cores is rather simple with all three cores composed mainly of clayey silt interbedded with sand and silt laminae (b 1 cm thick); Fig. 4A , B, C. Silt lenses are scattered throughout the sediment in the three cores. Mottling (black and beige, circular to elongated in shape and sometimes with diffuse borders) is also common.
Grain size
Based on the weight of each sample, the weight percent for each grain size fraction was determined as sand, coarse silt, medium silt, medium fine silt, fine silt, and clay (Fig. 5A ). The detail in grain sizes was needed to document the coarser grain part of the deposit (turbidite) and the base and top of the homogenite part of the deposit described in Section 5.1.2. The median and average for each grain size fraction, expressed as weight percent, allowed comparison of the grain size variability for cores KS13, KS18 and KS12. The sand content in each core varies slightly depending on the core location. Core KS13, the closest to the slope canyon drainage systems and NAF scarps in Central Basin, contains the greatest sand content with a mean averaged value of 4.2%. In core KS18 and KS 12, mean values for total sand content are 2.4% and 2.5%, respectively (Table 2).
Sedimentary structures
Turbidite-homogenite (T-H) units and turbidites (T) constitutẽ 80% of the sediment. Generally, the basal part of the T-H units is laminated,~5 cm thick and rich in sand and coarse silt. It has an overall fining upward trend (Figs. 3, 4, 5) . The sedimentary structures within the basal coarser-grained unit include wavy laminae, clay clasts and cross-bedding. The top part of the T-H unit is homogeneous, ranges from~10 to 75 cm in thickness and is composed of mediumfine-and fine-silt (Figs. 3, 4, 5) . Both the basal turbidite and homogenite parts of the T-H units fine upward (Fig. 3) . The hemipelagic deposits in between the T-H units are composed of clay and very fine silt and contain well-preserved foraminifers used for radiocarbon dating. It was consistently documented in all studied cores that the homogenite part of the T-H units rarely contains foraminifers. Bioturbation was observed near the top of the homogenite part of the T-H unit and to a lesser extent within the hemipelagic interval. This is common in Marmara Sea as well as in other studied settings (e.g., McHugh et al., 2011a) .
The difference between turbidites and T-H units is that turbidites are composed of a single normally graded bed (if ≥1 cm-thick) or laminae (if b1 cm thick) of sand or coarse silt, and do not contain the homogeneous mud above (Fig. 4) . In contrast, turbidite-homogenite (T-H) units are much thicker and complex sedimentary deposits containing several basal sand or coarse silt laminae and a thick homogeneous fine grained deposit above (Figs. 3A, B, C, 4).
Physical properties
In the Marmara Sea and other marine settings (e. g., Expedition 317 Scientists, 2011) bulk density and magnetic susceptibility were commonly correlated with sand and coarse silt. But magnetic susceptibility is also an indication of the magnetic character of the sediment that can be influenced by other variables than grain size. There is a substantial drop of the magnetic susceptibility signal below 300 cm in KS12, 250 cm in KS13, and 320 cm in KS18 (e.g., Fig. 5A ). The most likely cause for the drop in magnetic susceptibility below 3 m was related to iron oxide reduction and pyrite precipitation in relation to the sulphate methane reaction zone Drab et al., 2012) . The long-term changes in the magnetic susceptibility signal (above and below 3 m) do not preclude the correlation between slight increases in magnetic susceptibility and the sandy part of the T-H units, for example, in KS12, T-H 2 at 124 cm (Fig. 5A ).
Elemental geochemistry
The elemental composition of the cores KS13, 18 and 12 generally shows little variability, but some trends are visible (Fig. 5B ). The basal sand or coarse silt can be associated with Ca and Sr enrichment indicative of the entrainment of shell material during sediment transport (Fig. 3C ). This pattern was observed in earthquake-generated turbidites in the Ionian Sea (Hakimian, 2012) , Canal du Sud in Haiti (McHugh et al., 2011a) , and Izmit Gulf, Turkey (Çağatay et al., 2012) . Shells transported from shallower water depths and rapid burial allow for the preservation of marine microfossils. Generally Al and Si follow very similar patterns and are more abundant in the sand and coarse silt intervals. Silica is always more abundant than Al. The homogenite part of the deposit, composed of medium and medium-fine silt, shows some enrichment in Al and Si, and in some cases with Fe. Generally K and Ti tend to be concentrated in the medium fine silt fraction. Medium silt shows enrichment in sulphur (Fig. 3C ), and this may be the result of the accumulation of organic matter under the low oxygen conditions. It is possible that the events that deposited the black silt-rich laminae transported the organic matter with the coarser grained sediment. The sediment beneath the base of the T-H units is commonly enriched in Mn in the Marmara Sea cores (Fig. 3C ). Higher concentrations of Mn below the base of T-H units were also reported offshore Haiti after the 2010 earthquake (McHugh et al., 2011a) . These higher concentrations of Mn can be explained as a diagenetic enrichment at the oxic/anoxic interface of the sediments in a basin where the bottom waters are oxic (Çağatay et al., 2012) . Sediment transport and reworking during gravity flows that stirred the bottom sediments lead to the dissolution of Mn, its diffusion upward, and its concentration below the T-H units. Table 1 Core ID, radiocarbon age from foraminifers, age error. Years AD and BP calibrated ages using Calib 6.0 from Stuvier and Reimer (2005) . Calibrations show lower range, upper range for 1 sigma and 2 sigma, and the median probability ages. This T-H unit is up to 75 cm thick and present in all three cores. From the base upward it contains, sand to coarse silt laminae and lenses capped by a medium to fine silt homogeneous deposit. B′. Grain size for T-H 2 (blue shaded interval) shows the sand, coarse silt and medium silt content of the turbidite part of the T-H unit. The top of the homogenite part of T-H 2 was selected based on the decrease of medium silt at 45 cm. The clay content increases in between T-H units. The red arrow at the base marks the location that was sampled for radiocarbon dating. C. Photo of T-H 2 in Core KS13. C′ and C″. Elemental concentrations and grain size variability for T-H 2 in Core KS13: Ca, Sr follow similar trends and are more abundant in the sand and coarse silt. Al and Si tend to be concentrated in the sand, coarse and medium silt and follow similar trends. Fe, Ti and K in the medium to fine silt. S tends to be concentrated in the sand and coarse silt and may be a by-product of the decay of transported organic matter concentrated in the coarse part of the T-H unit. Mn peaks are always below the T-H unit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
T-H units of Central Basin
The multiproxy approach permitted the identification of twenty T-H units in Cores KS12 and KS13, twenty-one in Core KS 18 (Figs. 4, 5) . A few other turbidites are present in the cores but have not been included as potentially earthquake-triggered since they do not fit the characteristics of multiple bedding and thick deposits above. These gravitational flows could have been caused by processes other than earthquakes like slope instabilities.
Core KS13
Core KS13 has the most sand content of all the cores with a mean of 4.18%. The T-Hs 2-17, T-Hs 19-20 and T 1-4 are sand rich (Table 2 , Fig. 4A ). The T-Hs 1 and 18 are dominated by coarse, medium and medium fine silt. Some T-H units for example, T-H 2 are 40 cm in thickness. The proximity to the base of the slope and the NSF fault scarps explains the greater sand content. Elemental concentrations follow those described above.
Core KS18
Grain size (Table 2) showed that this core has less sand than Core KS-13 (mean content 2.48% versus 4.18% in Core KS13). Four T-H units (1, 7, 13, 21) ranging in thickness from 30 to 50 cm do not contain sand and are rich in coarse and medium silt (Fig. 4B) . Only one sand turbidite is present in this core (T1). The results of the elemental analysis and physical properties are very similar in this core to those obtained for core KS12 (see below).
Core KS12
This core contains less sand (mean sand content 2.48%) than Core KS-13 (mean sand content 4.18%) possibly due to its distance (~3 km) from the largest scarp associated with the several strands of the NAF fault, and the base of the slope ( Fig. 2; Table 2 ). Six of the 20 T-H units are rich in silt (Fig. 4C) . The four turbidites present are rich in silt (T1, 2, 3, 4; Fig. 4C ). The elemental concentrations are similar to those previously described (Figs. 3, 5A, B) . The bulk density ranges between 1.4 and 1.8 g/cc and generally peaks with sand in K12, K13 and K18 cores. The magnetic susceptibility for K12, K13 and K18 increases and maintains higher concentrations from~300 cm to the top of the core (Fig. 5A) . Pb and 137 Cs activities were measured in the sediments from 0 to 30 cm where their concentrations decreased to background levels (Fig. 6A) Cs shows correspondence between the two shortlived radioisotopes that is possibly due to bioturbation (Fig. 6A) . The most reliable chronology is derived from Core KS12 that shows the 37 Cs 1965 and 1986 global fallout and Chernobyl events at 6 and 2 cm, respectively. The decay of xs 210 Pb places 1850 at 28-30 cm in KS12 (Fig. 6A) . A very accurately calculated net sedimentation rate for Core KS12 of 0.22 cm/yr was obtained for the upper 25 cm of the core (Fig. 6B) . Based on sedimentation rates calculated from the 210 Pb decay the age of the base of the T-H 1 is early 1900. But, T-H 1 could have eroded its base so the most solid age for this sedimentation event is derived from 37 Cs.
Radiocarbon
Results obtained from radiocarbon dating provided age constrains for the T-H in Cores KS13, K18, and KS12 (Tables 1, 3; Figs. 7, 8 ). These ages also permitted to correlate the T-H units in all three cores.
Sedimentation rates
Sedimentation rates for the past 5000 years were calculated from the slope of the line for the Core KS18 that has preserved the most complete stratigraphic record from al three cores. The averaged rates are 0.16 cm/yr. This is slightly less than the core top and could be due to sediment compaction and/or hiatus in sedimentation.
Discussion
The detailed core analyses permit better quantification and documentation of the relation between sedimentation and earthquakes. In this study we mainly explored the relation between seafloor ruptures and the generation and deposition of T-H unit. These sedimentary deposits because of their particular fine structures, grain size variability and elemental composition are easier to date than mass-wasting deposits and can be better linked to seafloor ruptures along the North Anatolia Fault. Once correlated to the historic record of earthquakes the T-H units are referred to as "seismo-turbidites".
6.1. Can a link between sedimentation events and earthquake seafloor ruptures be established?
A good correlation has been established between the three cores from Central Basin for T-Hs 1-6 and historic earthquakes 1963 or 1964 , 1343  Table 3 ). Except for 1963, the earthquakes being considered were Ms N 6.8 and are thought to have produced a seafloor rupture (Wells and Coppersmith, 1994) or a surface rupture onshore. A main requirement used for the correlation of the T-H in between cores was that at least two of the cores had comparable radiocarbon ages. An assumption made was that when T-Hs were missing from the record, the youngest above was the one that eroded the older T-H unit. Also used in this study were well-dated T-Hs and their previous correlation with historical earthquakes (McHugh et al., 2006; Çağatay et al., 2012; Fig. 1) . The correlations between Cores KS12 and KS18 were easy to obtain. This was not the case with core KS13 that has two disconformities making T-H unit correlations tentative for the pre-historic part of the record (Table 3) .
The T-H-1 can be identified in all three cores. The base of this interval is sharp. The turbidite above is darker in colour, contains closelyspaced laminations of coarse to medium silt, and fines upward into a homogeneous deposit, which is about 10 cm thick and composed of fine silt (Figs. 3, 6A) . Based primarily on 37 Cs, T-H 1 can be linked to the 1963 M6.4 normal fault earthquake epicentre relocated at 95 km east of the cores (Orgulu, 2011) or the 1964 M6.8 earthquake with a ground rupture about 80 km south (Ambraseys, 2002a; Emre et al., 2011) . Previous studies in Central Basin by McHugh et al. (2006) documented the 1343 earthquake rupture from Core C4 (Fig. 1) . Based on radiocarbon ages, lithology (grain size, fine structures and elemental composition) from this study, and as previously documented, T-H 2 is linked to the 1343 earthquake in all three cores. There is a disconformity in Core KS13 at 123 cm at the base of T-H 2 that suggests T-H 3 and T-H 4 are missing and we interpreted that T-H 2 eroded into the older T-H record (Figs. 7, 8, Table 3 ). The T-H 3 is well correlated to the 860 AD event through radiocarbon age in Core KS12. The 860 AD earthquake was documented in Kumburgaz Basin ( Fig. 1; Ambraseys, 2002a) . It was proximal enough to have generated a turbidity current and/or mass-wasting sedimentation event in Central Basin. The 860 AD turbidite most likely eroded the sediment beneath in Core KS12 and there is an~500 year gap separating T-H 3 from T-H 6. Both T-Hs 4 and 5 representative of A Fig. 5 . A. Grain size variability, bulk density and magnetic susceptibility for KS12. T-H (1-20) and T (1-4) were identified as sand rich (yellow) and silt rich (blue) respectively. The basal sand and/or coarse silt mark the turbidite part of the T-H, and the fine silt deposit above is the homogenite part. Its top defined by a decrease in fine silt. The interval in between T-H is rich in clay. Turbidites (T) consist of a single lamina. Bulk density and magnetic susceptibility (for the upper 300 m) peaks generally correspond to sand and/or coarse silt. Short-lived radioisotope and radiocarbon calibrated ages in years AD and BP are shown with the interval from where the sample was dated beneath. B. Elemental concentrations for T-Hs 1-3, 4 in KS12 (0-300 cm) follow similar variability as grain size. Al and Si tend to be concentrated in the sand, coarse and medium silt and follow similar trends. S tends to be concentrated in the sand and coarse silt and may be a by-product of the decay of transported organic matter concentrated in the coarse part of the T-H unit. K, Fe, and Ti tend to be concentrated in the medium to fine silt. Ca and Sr follow similar trends and are more abundant in the sand and coarse silt. Mm peaks are always below the T-H unit. Short-lived radioisotope and radiocarbon calibrated ages in years AD and BP are shown with the interval from where the sample was dated beneath. the 740 and 557 historic earthquakes are missing from Core KS12 (Fig. 7, Table 3 ). But, T-Hs 4 and 5 were linked to the 740 AD and 557 AD earthquakes from radiocarbon ages and the lithology in Core KS18. The T-H 5 was also dated and linked to the 557 AD earthquake in Core KS13. The 740 AD rupture must have been a long rupture because T-H units and mass-wasting were associated to this event in Cores KS18 and C4 in Central Basin, Cores K1 and K2 west of Hersek peninsula and Core IZ33 in Izmit Gulf (this study; McHugh et al., 2006) . The T-H 6 was linked to the 268 AD earthquake through radiocarbon dating and the lithology. The age of T-H 6 is best constrained from ages obtained from its top in Core KS12 (Fig. 7, Table 3 ). Based on radiocarbon ages, a good correlation can be found for T-Hs 7-13 in all three cores. But THs 14-18 are missing from Core KS13 (Fig. 8, Table 3 ). The T-Hs 19-20 have been tentatively correlated in cores KS13, 18 and 12, and T-H 21 has been also tentatively correlated in Cores KS13 and KS18. As a result of hiatuses determined from radiocarbon dating, T-Hs are missing in Core KS13. Therefore, new consecutive numbers were given as T-Hs 22-27, that are also much older in age (Fig. 8, Table 3 ). Core KS13 penetrated deeper, and recovered older strata (Fig. 2) . These sedimentation events have not been correlated amongst the cores or to any earthquake record since there are no historical accounts for events older than 2000 years.
These results emphasize that the stratigraphic record of T-Hs can be linked to historical earthquakes and that the Holocene depocenters are the location from where to extract the most complete record. Core KS13 was recovered near a series of steep scarps of the NAF-N and contains several stratigraphic discontinuities most likely due to erosion and deformation along the NAF-N. So when addressing the questions of how earthquake ruptures and sedimentation events correlate spatially in a basin, it is possible to say that there is a correlation. The earthquake deformation is better characterized near the fault, but the timing is better obtained from the T-Hs deposited in the deepest part of a basin where there is less sediment erosion and better continuity of strata.
Can sedimentation events be used to identify fault segments?
The results from this study coupled with the previously published data by McHugh et al. (2006) and Çağatay et al. (2012) indicate that there is a remarkable correlation between the sedimentation record of a basin and the inferred approximate location of the historic earthquake rupture (Ambraseys, 2002a; Ambraseys and Finkel, 1995; Guidoboni and Comastri, 2005; Ambraseys, 2009; Fig. 9 ). However, the locations of historic earthquake ruptures could have much error since they were guided by historic accounts and not instrumental data. Furthermore, the precise location of the North Anatolian Fault beneath Marmara Sea was not well characterized until after the 1999 Izmit earthquake, so that inferred epicentres from earlier studies may not be well-positioned in Marmara Sea. The age, sedimentary structures and silt-dominated T-H 1 suggest a distal source. This is confirmed by its age and correlation to the 1963 or 1964 earthquakes. The 1963 epicentre was 95 km east of Central Basin and the 1964 rupture was 80 km south (Emre et al., 2011; Orgulu, 2011) . The T-H 1 lacks sand and contains wavy laminations and mud clasts that could have been formed by oscillating currents (e.g. Fig. 3A) . One possibility to explain the stratigraphy are long waves and seiche-like motions that sorted the sediment as the silt components were settling through the water column and onto the sea-floor. The occurrence of long waves is supported by historic accounts of a 1 m tsunami that occurred in 1963 along the Gulf of Gemlik coast (Altinok et al., 2011) . The age data does not support that T-H 1 was caused by the 1912 Ganos earthquake but rather by the 1963 or 1964 earthquakes. Due to its younger age, there is much more reliable information about the region in which the 1912 occurred in the Gelibolu peninsula (Ambraseys and Finkel, 1995; Rockwell et al., 2001; Ambraseys, 2002a; Aksoy et al, 2010; Meghraoui et al., 2012) . But there is less confidence on the extent of this rupture into Marmara Sea. Armijo et al. (2005) 3T   400  410  420  430  440  450  460  470  480  490  500  510  520  530  540  550  560  570  580  589  391   TH  10  11  13  19  20  12   600  610  620  630  640  650  660  670  680  690  700  710  720  730  740  750  760  684   4T   770  780  790  800  810  820  830  840  850  860  870  876 Fig. 8 . On Core KS13, there is a disconformity at 123 cm, and based on age correlations between all cores, T-Hs 3 and 4 are missing. At 317 cm there is a second disconformity and based on age correlations between cores, we interpret that T-H units 15-18 are missing. The T-H units 19-20 are tentatively correlated in all cores and possibly T-H 21 in Cores KS13 and KS18. Based on the missing record, T-Hs were re-named as T-Hs 22-28 only for Core KS13 and cannot be correlated to other cores or pre-historical earthquakes. This core also recovered the oldest T-Hs at~5600 cal yrs. BP.
reflectors that were dated from the sediment above as related to the 1912 Ganos earthquake. Drab et al. (2012) documented the 1912 event based on an age model constructed from excess 210 Pb in two cores in Tekirdag Basin and the Central high, respectively, and one core from Central Basin. Results from McHugh et al. (2006) and this study documented a 1912 T-H unit in Tekirdag Basin but not in Central Basin where four cores were analysed. Therefore, we support that the 1912 earthquake reached western Central Basin but did not rupture the fault across the entire basin as proposed by Armijo et al. (2005) . The inferred epicentral region for the 1343 earthquake was in the western part of Marmara Sea (Ambraseys, 2002a; Guidoboni and Comastri, 2005; Ambraseys, 2009; Meghraoui et al., 2012; Fig. 9 ).
Based on radiocarbon ages, lithostratigraphy, thickness of the T-H 2 unit (up to 75 cm) and its strong correlation in all three cores, we strongly argue that the 1343 rupture was very proximal if not in Central Basin, and it ruptured one of the faults within the basin (Ambraseys and Finkel, 1995; Ambraseys, 2002a; Guidoboni and Comastri, 2005; Ambraseys, 2009) . Two shocks (aftershocks) were reported in 1343 in the Ganos, Gelibolu and the Istanbul regions. Including a tsunami with huge waves that flooded the coast with ships aground and then the lifting of the boats by seawater, which is consistent with long wavelength waves such as tsunami waves. These waves apparently reached the Marmara Sea coast to the Strait of Istanbul (Bosphorus Strait; Aksoy et al, 2010; Altinok et al., 2011) . The 1343 earthquake was not Table 3 Age in years AD and BC for Cores KS13, 18, and 12. Interval (cm) from where the samples were dated, T-H unit numbers adjusted for the missing stratigraphic record, historical earthquake, and recurrence interval. disc = discontinuity. documented in Tekirdag Basin (McHugh et al., 2006) . The ages calculated by Drab et al (2012) for the 1766b and 1343 and/or 1354 events from cores in Tekirdag Basin were obtained from shells and bulk sediment and are too old and not reliable to document these earthquakes (as per Drab et al., 2012) . Based on these facts the 1343 rupture did not likely extend into Tekirdag Basin and the Ganos region. Other large shocks were reported for the region in 1344 with significant destruction in the Ganos region, and in 1354 with damage extending from Tekirdag into the Gelibolu region (Guidoboni and Comastri, 2005; Ambraseys, 2009 ). The destructions in northwestern Marmara Sea coastal villages suggest faulting either along the Ganos fault or further west in the Saros Bay from these events (Meghraoui et al., 2012) .
A T-H was linked to the 1063 historic earthquake in Core C8 in Tekirdag Basin (McHugh et al., 2006; Figs. 1, 9) . The proximity of this T-H to the 1063 rupture is consistent with historic accounts of large shocks from the towns of Tekirdag to Erdek (southernwestern Marmara Sea shore), and damage in towns near western Marmara Sea (Ambraseys, 2009 ). We did not find evidence of the 1063 earthquake in Central Basin. This agrees with Guidoboni and Comastri (2005) findings that reported little damage to the east, in the Istanbul region, and with Ambraseys (2009) that proposed the epicentre was to the west of Marmara Sea (Fig. 9 ). This rupture must have been very close to the NAF in Tekirdag Basin possibly extending from onshore and through Tekirdag Basin.
The 557 and 860 historic earthquakes have inferred epicentral regions in eastern Central Basin (Siliviri region) and eastern Kumburgaz Basin, respectively ( Fig. 9 ; Ambraseys and Finkel, 1995; Ambraseys, 2002a) . This study found strong evidence for a proximal rupture to Central Basin for the 557 and 860 earthquakes. The T-H units 5 and 3 were correlated to these historic earthquakes by radiocarbon ages, sedimentary structures (multiple sand beds), and are up to 50 cm thick. This suggests that these deposits are substantial in Central Basin, and possibly define a fault segment extending through Central and Kumburgaz Basins, and possibly reaching Istanbul (Fig. 9) . These findings are consistent with a 557 AD tsunami recorded in the Yenikapi Byzantine Harbour and linked to the 557 AD earthquake.
The 740 AD inferred historical epicentre was placed south of eastern Izmit Gulf (Ambraseys and Finkel, 1991) and in southwestern Cinarcik Basin (Ambraseys, 2002a (Ambraseys, , 2002b . The fault interpretation used in Ambraseys (2002a) has been shown to be incorrect (Armijo et al., 2002) . The damage reported extended over a broad region including to the north of Marmara Sea, as far east as Izmit Gulf, and south near the Imrali margin. The 740 AD event was documented by T-Hs from Core KS18 and C4 in Central Basin and IZ33 in Izmit Gulf (this study and McHugh et al., 2006) . This indicates that the 740 AD event extended from Izmit Gulf to Central Basin suggesting that this earthquake ruptured at least 170 km along the NAF-N, including several fault segments. It would have had a larger magnitude than M7.1 as proposed by Ambraseys (2002a) (Wells and Coppersmith, 1994) .
The sedimentary deposit correlated to the 268 AD earthquake, T-H 6, is present in all the cores. But it is very thin averaging 5 cm, and is rich in silt. This suggests a distal source from Central Basin for this historic earthquake and that the 268 AD earthquake did not rupture into Central Basin. These findings are consistent with historic accounts that documented the inferred epicentre in the eastern part of Izmit Gulf (Ambraseys, 2002a) . Çağatay et al. (2012) reported the 268 AD earthquake from sediments in a core recovered from the Gulf of Izmit (Fig. 9) .
Sedimentary evidence for historic earthquakes that occurred in 1509, 1766a and 1894 was documented west of the Hersek Peninsula Fig. 9) . Çağatay et al. (2012) documented the 1509 earthquake in the Gulf of Izmit. The inferred ruptures for the 1509 and 1766a earthquakes, according to Ambraseys and Jackson (2000) and Ambraseys (2002a) occurred near Cinarcik Basin, possibly on the segment of the NAF close to Istanbul. Both were reportedly major earthquakes that affected Istanbul and surroundings. The sediment data supports a rupture of the Istanbul fault segment by the 1509 and 1766a earthquakes. The reported damage for the 1894 earthquake was centred near the region of central and western part of Izmit Gulf and eastern Cinarcik Basin. Ambraseys (2002a) placed the epicentre near Hersek peninsula ( Fig. 9) with an estimated magnitude of 7.3 (similar to that of 1999). Amongst the reported damage for the 1894 earthquake were a series of telegraph cables from Tuzla (Istanbul region) and Prince's Islands that broke suggestive of submarine masswasting in those regions (Fig. 1) . Thus, it is not surprising to find sedimentary evidence of that earthquake west of Hersek Peninsula and in Cinarcik Basin . Based on xs 210 Pb and 137 Cs, Drab (2012) documented three events from the sedimentary record of Cores Klg03 and Klg04 that were correlated to the M7.4 1999 Izmit earthquake, the M = 6.4 1963 earthquake, and the M = 7.3 1894 Cinarcik earthquake. The rupture of the 1999 Izmit earthquake did not reach Cinarcik Basin Gasperini et al., 2011) and this is consistent with Drab's (2012) findings of a very small sedimentary disturbance. The 1963 earthquake is linked to a minor disturbance and a sandy peak that can potentially represent the 1963 M6.4 normal faulting earthquake epicentre southeast of Cinarcik Basin (Orgulu, 2011) . The best-defined sedimentary event according to Drab (2012) was correlated to the 1894 earthquake. This is consistent with the reported damage associated to the 1894 earthquake (Ambraseys, 2002a) and McHugh et al.'s (2006) findings west of Hersek Peninsula. Based on radiocarbon ages, other events were identified by Drab (2012) and correlated to the 1509, 1343 and 740 AD earthquakes, but there is less confidence in these ages since most (60%) were obtained from shells that could have been reworked. Also, Cores Klg03 and Klg04 were not recovered from the deepest part of Cinarcik Basin where the most complete Holocene record is expected . Nevertheless, it is likely that the sedimentation record of these earthquakes is in Cinarcik Basin. There is evidence for the 740 AD in Izmit Gulf and Central Basin, and the 1343 generated a wave that reached the Marmara Sea coast to the Strait of Istanbul (Bosphorus Strait; Aksoy et al, 2010; Altinok et al., 2011) . Eris et al. (2012) that studied a long core recovered from Cinarcik Basin did not find turbidites associated to the 1509, 1766a ruptures or 1894. But, their core (MD2425; Fig. 1 ) was not recovered from the Cinarcik Basin depocenter either. Additionally, there were no radiocarbon ages obtained by Eris et al. (2012) for the Holocene. Sari and Çağatay (2006) also reported that some of the units from the two cores they studied in Cinarcik Basin (CAG-3 and CG-15; Fig. 1 ) could be missing. These cores were also not recovered from the Cinarcik Basin Holocene depocenter. Based on this study and others Çağatay et al., 2012; Drab, 2012) , there is evidence for the 1509, 1766a, and 1894 earthquake ruptures in Cinarcik Basin (1894, 1509), west of Hersek Peninsula (1509, 1766a, 1894) and for the 1509 and 1999 in Izmit Gulf. It is likely that the 740 AD ruptured a segment of the NAF-N in Cinarcik Basin. In summary, these findings show a strong correlation between the inferred locations of historical earthquakes and the preservation of turbidite-homogenite units in the basin adjacent to the inferred rupture. Seismically active transform basins such as in the Marmara Sea with frequent earthquakes are constantly shedding sediment and require high-sedimentation rates to preserve a complete "seismo-turbidite" in the stratigraphic record. Therefore, it is not surprising that there is a strong correlation between the location of the inferred historic epicentre and the sedimentary event in the adjacent basin. These basins are constantly shedding sediment (~every 300 years) and it is not expected that a basin distal to the inferred historical rupture will generate a large sedimentary event that is preserved in the stratigraphic record.
6.3. Is there a one-to-one correlation between earthquakes and turbidites? Where does the transported sediment originate?
This and previous studies suggest that there is a very good correlation between earthquake ruptures and turbidites in Marmara Sea. But as documented in other settings, this link is dependent on the availability of sediment. In sediment-starved margins such as the carbonate setting of Hispaniola with sedimentation rates of 6 cm/1000 years (0.006 cm/yr), there doesn't appear to be a one-to-one correlation due to the low sediment supply (McHugh et al., 2011b; Rios et al., 2012) . In these sediment-starved margins, a substantial time is required to accumulate enough sediment to generate a turbidity current that would transport sediment to a distal depocenter (McHugh et al., 2011a (McHugh et al., , 2011b Rios et al., 2012) . In margins with low sediment supply (17 cm/1000 years, 0.017 cm/yr) such as Cascadia, Goldfinger et al. (2003 Goldfinger et al. ( , 2007 Goldfinger et al. ( , 2011 was able to correlate turbidites to earthquakes. But the Marmara Sea basins have fairly high Holocene sedimentation rates. This study calculated sedimentation rates of 0.22 cm per year for the upper 25 cm of Core KS12 (Fig. 6B) , and of 0.16 cm/yr for the past 5000 years from Core KS18. So it is not surprising to find a very good correlation between historic earthquakes and T-H units, especially for cores such as these ones that are located in the Holocene depocenters.
The sediments that contribute to the T-H units are derived not only from downslope processes but also from resuspension of sediment along the margins of the deep basin. The resuspension of deeper water sediment was documented in Canal du Sud Basin for the 2010 Haiti earthquake based on excess 234 Th with a half-life of 24 days (McHugh et al., 2011a) . These sedimentation processes are also occurring in the Marmara Sea where the homogenite part of the T-H units is most likely derived from the resuspension of deep-water sediment. The relatively uniform elemental composition and rare foraminifers contained in the homogenite sediments also suggest that much of these deposits were derived from reworked material from the basin margins. In contrast, the sandy part of the turbidite richer in Ca and Sr (shell material) must receive sediment from shallow water shelfcanyons sources. In summary, whether there is a strong correlation between earthquakes and turbidites can to a great extent, be determined by sedimentation rates. The sediment that contributes to the preserved stratigraphic record is derived from downslope transport, mass-wasted sediment related to co-seismic deformation, and resuspended from the margins of the deep basin.
6.4. Can mid-to late-Holocene earthquake-triggered deposits be identified and used to document recurrence intervals?
The radiocarbon ages obtained in the Central Basin cores extended the T-H record back to~6000 years BP (Tables 1, 3 ).
Historic earthquakes
Based on this and previous studies of seafloor ruptures in Marmara Sea a tentative recurrence interval can be established for the NAF from Ganos to Cinarcik Basin. The results obtained from Central Basin, the 1912 rupture documented in a "ponded basin", 40 km east of the inferred Ganos epicentral region and in Tekirdag Basin, and the 1063 historic earthquake documented in Tekirdag Basin provide a record for historic earthquakes for the NAF-N in 1912 , 1343 , 1063 Table 3; McHugh et al., 2006; Drab et al., 2013) . Based on this, the recurrence intervals along the central Marmara segment of the North Anatolia Fault are 569, 280, 203, 120 183, and 289 implying an averaged recurrence of~274 years. This is similar to that of 280 years documented by Rockwell et al. (2009) ; but, faster than the 323 years documented by Meghraoui et al. (2012) from trenching on land. For the Istanbul segment of the fault we documented the 1509 and 1766a historic ruptures, and for the western Izmit segment the 180, 268, 358, 740, 860, 1296, 1509, 1766a, 1894 and 1999 earthquakes with an average recurrence of~200 years Çağatay et al., 2012; Drab et al., 2012) .
Pre-historic earthquakes
There is more uncertainty in the ages of the T-H units 11-27 in all three cores than in the younger part of the record. If T-Hs represent pre-historic earthquakes, then the time interval between T-Hs 6 and 8 is~1000 years, between T-Hs 9 and 10,~655 years and between THs 10 and 11, 200 years (Figs. 7, 8,  Table 3 ). If we average the recurrence interval between T-Hs 7 and 8, the intervals between earthquakes would be 500, 655 and 200 years, respectively. The range of time for these recurrence intervals is anywhere from 200 years to 655 years. Although variable, these recurrence intervals are in agreement with the historical intervals of the NAF and with recent findings by Çağatay et al. (2012) . But more studies are needed to verify these findings.
Earthquake clusters
There is a striking series of very closely spaced T-H units 11-14 that span an interval of a b200 years in Central Basin Core KS12 and KS18 (Fig. 7, Table 3 ). One possibility is that one or several T-Hs represent aftershock sequences from a large earthquake. But these T-Hs extend for 1 m to 2 m of core, and most importantly, they are separated by hemipelagic sedimentation intervals that average 10 cm in thickness (e.g., T-H 18, Fig. 8 ). Hemipelagic sedimentation was calculated at 0.16 cm per year, so 10 cm could represent~60 years. Therefore aftershocks from a large earthquake are not a probable explanation. Could these closely spaced T-Hs represent a period of high seismic activity or clustering in the NAF-N? Earthquake clustering has been previously documented in the NSF east of Marmara Sea where earthquakes have occurred closely spaced in time from 1939 to 1999. These earthquakes were spaced geographically but there was overlap in the damage they caused similar to the sedimentation record preserved in the Marmara Sea basins (Stein et al., 1997; Barka, 1999) .
These findings about earthquake clusters, if real, may explain the lack of large ruptures in Central Basin since 1343 where large shocks were reported for the region in 1344 and in 1354. Based on Kurt et al. (2013) and Grall et al (2013) , there could be 18 mm/yr of slip and 12 m of strain accumulation along the NAF in Central Basin. But this does not mean that there will be 12 m of slip in one large rupture. If earthquakes were closely-spaced in time (1343, 1344, 1354) there could have been several metres of slip on each of the closely-spaced in time earthquakes. More questions than answers arise from these findings that will need to be addressed by continued submarine paleoseismology studies of the NAF. Are these T-H triggered by earthquakes related to one or several shallow faults of the NAF in or near the Central Basin segment? There are multiple fault strands in Central Basin (Fig. 1) . Could the T-Hs represent activity of the several faults seen on the chirp profiles (Figs. 1, 2) ? Or ruptures of the north border and south border faults in Central Basin? The historical and T-H records indicate that ruptures are segmented. For example, our data suggest that Ganos-Tekirdag and Central Basin may constitute two different segments. What is the spatial extent of these segments? Closely-spaced long cores need to be taken in each basin and in different depositional environments, including the Holocene depocenters to test these possibilities and continue to make progress in the field of submarine paleoseismology.
Conclusions
A multiproxy approach (grain size, elemental analyses, physical properties) calibrated to radioisotope dating was used to identify T-H units and correlate them to historic earthquakes. These sedimentation events are complex and the stratigraphy suggests secondary processes, such as multiple failures, sediment resuspension, and/or reworking by long wave, seiche-like. But, such processes are likely in the closecontour shape basins of Marmara Sea where small tsunamis have been documented from historical accounts.
These results show that there is a remarkable correlation between the inferred location of the historic earthquake rupture and the seismo-turbidite record in the basin adjacent to the fault rupture. A good correlation was obtained for T-H units in Central Basin and historic earthquakes that occurred in 1963 or 1964, 1343, 860, 740, 557 and 268 . Overall, the sedimentation record for the Marmara Sea basins suggests that there is a gap in the earthquakes in Central Basin since 1343. Earthquake clustering (1343, 1344, 1354) could have produced several metres of slip and diminished strain accumulation along the NAF in Central Basin. The 740 AD earthquake could have ruptured multiple segments of the NSF from Izmit Gulf to Central Basin.
The best location for obtaining a well-preserved record of T-H is in the deepest part of a basin where~80% of the sediments are composed of T-H units. Generally there is a good correlation between the T-H units and earthquake sea floor ruptures in cores from the depocentral area. The cores proximal to the fault are best for identifying T-H units since more sand is available. But at this location there is also more erosion and deformation due to fault activity and downslope sediment transport processes.
T-H can be used to identify pre-historic earthquake ruptures if they can be correlated in more than one core in a basin. This study is a first step to tentatively extend the record of possible earthquakes back in time to~6000 years BP. An unexpected finding was the occurrence of four T-H units within a very short time period of 142 years spanning from~1772 BC to 1630 BC. The possibility of earthquake clustering is seriously being considered and should be further investigated in the future. This new finding has the potential of contributing substantially to future progress in the field of submarine paleoseismology.
